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ABSTRACT 


THE ROLE OF ANGIOTENSIN II IN HYPOXIC viens” 
VASOCONSTRICTION IN VITRO AND IN VIVO IN THE RAT 
In isolated blood perfused rat lungs, brief periods of ventilation 
hypoxia (22% 0.) produce pulmonary vasoconstriction. In isolated lungs 
perfused with a salt-albumin solution, hypoxia produces no pulmonary 
vasoconstrictor responses in most lung preparations, and only minimal 
responses in others. | 
Vasoactive agents including angiotensin II, phenylephrine, epine- 
phrine, norepinephrine, bradykinin, serotonin, and methoxamine were added 
to the salt-albumin perfusate to determine which we 
necessary for a pulmonary vasoconstrictor response during hypoxia. 
The addition of angiotensin II to the perfusate (12 to 120 nM) re- 
sulted in marked pulmonary vasoconstriction during hypoxia in proportion 
to the amount of angiotensin II added (a maximal response to hypoxia oc- 
curred at 120 mM conennnmattenn ol angiotensin II). None of the other 
agents had the same effect, nor was their vasoactivity dependent upon 
angiotensin II. Angiotensin II augments the hypoxic response in doses 


that are themselves subpressor; tachyphylaxis to the direct pressor ac- 


tivity of angiotensin II is not associated with attenuation of the hypoxic 


response. 

These results suggest that an action of angiotensin II that is sep- 
arate from its pressor activity is specifically required for a significant 
vasoconstrictor response to hypoxia in isolated rat lungs. 

| ‘The development of an effective, specific, long-lasting competitive 


inhibitor of angiotensin II, (l-sar, 8-ala)-angiotensin II, provided a 
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means of extending these observations in the isolated rat lung and in 


the intact animal. 

In experiments with tandabe rat lungs, angiotensin II-induced hy- 
poxic pulmonary vasoconstrictor responses were prevented by prior addi- 
tion of the angiotensin II inhibitor to the perfusate in concentrations 
ranging from 12 to 120 nM. The inhibition appears to be reversible since 
‘subsequent addition of large amounts of angiotensin II to the perfusate 
resulted in ve-seteblishnent of the hypoxic responses. 

: In experiments with intact animals, hypoxic pulmonary vasoconstric- 
tion was assessed in anesthetized rats she ee with pentolinium tar- 
trate to block ganglionic transmission. Pulmonary artery pressure and 
thoracic aorta blood flow measurements provided an estimate of pulmonary 
| vascular resistance. The hypoxic seapensde. seen in intact rats were re- 
duced by systemic administration of the angiotensin II inhibitor in 
"amounts ranging fron 30 to 300 mg/kg. Angiotensin II was not measured 
in these experiments, but these eosnite suggest that endogenous angio- 
tensin II may be specifically required for a pulmonary vasoconstrictor 


response “to hypoxia in intact animals. 
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INTRODUCTION 


1.. Literature Review 
Historical 
Alveolar hypoxia elicits pulmonary vasoconstriction. The first in- 

| vestigations relating to this effect of hypoxia were carried out in 1876 
by von Lichtheim (1). While working in Carl Ludwig's laberetory in 
lietite. von Lichtheim reported that anoxia caused a rise in the pulmonary 
_ artery pressure of the dog. In 1904, Nolf et al. (2) showed that the 

rise in pulmonary artery pressure caused by anoxia was not associated 
“with a rise in left atrial pressure, and theorized that the effect was 
caused by an increase in pulmonary vascular resistance rather than a re- 
trograde reflection of changes in the systemic arterial pressure. 
Plumier (3), in a separate paper published the same year, showed that the 
pulmonary artery response to hypoxia was independent of the concentrations 
of Co, and Ny of the inspired gas mixture, and could be clicited by 100% 
Ho. Thus, it ameueid that the critical factor responsible for the rise 
in pulmonary artery pressure was a low PO. of the inspired eas. Wearn 
(4), in 1934, observed through a microscope the emptying of pulmonary 
surface capillaries during anoxia caused by ventilation with 1007 Ny. The 
weiimniinitaties produced by 1002 Ny occurred in the absence of acute 
changes in systemic pressure or cardiac output. “In 1946, von Euler et al 
(5) postulated that the hypoxic response (hypoxic pulmonary vasoconstric- 
tion) might represent a mechanism which redistributes blood from hypoven- 
tilated areas of lung to areas with better oxygenation. This suggestion 
stimulated a large number of ieventdanbtone on hypoxic pulmonary vasocon- 


striction. 
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Hypoxic pulmonary vasoconstriction was. first demonstrated in man 


the following year (1947). Werko (6) and Motley et al. (7), working in- 


dependently, reported experiments with human subjects in whom pulmonary 


vasoconstriction was induced by the inhalation of hypoxic gas mixtures. 


The first studies of the hypoxic response in isolated lungs were 
made by Nisell (8) in 1948. Utilizing isolated cat lungs, he showed that 
alveolar hypoxia produced reversible tnerenses in pulmonary artery blood 
pressure. This was an important observation because it demonstrated 
that the increased pulmonary artery pressure was a reflection of pulmonary 
artery vasoconstriction caused by a mechanism intrinsic to the lung itself. 
The mechanism was independent of nervous activity, hormonal effects ’ and 
changes in cardiac output. Since Nisell's observation in 1948, deeente 
pulmonary vasoconstriction has been demonstrated in isolated lungs from 


several mammalian species including dog (9), cat (10), rabbit (11) and 


| rat (12). 


Hypoxic States L 


It is interesting to speculate on how the hypoxic response might play | 
a role in normal pulmonary function and in cardiovascular disease states. 
Chronic bronchitis is an example of a pulmonary disease in which regions 
of the lung become hypoxic (13). Local vasoconstriction in these areas 
would tend to redistribute blood away from them and help to restore normal 
ventilation/perfusion ratios in the lung. Sdderholm et al. (14) has shown - 
that the hypoxemia seen in patients with ventilation-perfusion abnormali- 
ties, caused by hypoventilated areas of lung, is increased by administra- 
tion of a vasodilator (acetylcholine). He postulates that the vasodila- 
tor increased the degree of shunting by dilating pulmonary vessels in the 


diseased areas which had been constricted by alveolar hypoxia. 
% 
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The first reports of high altitude pulmonary hypertension were made 


by Rotta et al. (15) in 1956. Since then it has been recognized that 
both man and animals develop pulmonary hypertension at high altitude, 
and that the degree of hypertension is related to the severity of the 
hypoxia. The elevated pulmonary ene pressure is caused by vasocon- 
striction, and is lowered by the administration of oxygen (16). This is 
an example of an undesirable effect - puluonary hypertension - caused by 
the pulmonary vasoconstrictor mechanism. : | 

Another undesirable effect, during generalized alveolar hypoxia, is 
cor pultetiole, Patients with Pickwickian syndrome chronically hypoventi- 
late, and because of this develop pulmonary hypertension and subsequent 
cor pulmonale (17). Levy et al. (18) has reported that upper airway 
obstruction in children, due to hypertrophied adenoids, can result in 
chronic alveolar hypoxia and cor pulmonale. Patients with extensive 
chronic bronchitis develop cor pulmonale that is thought to be secondary 


to severe alveolar hypoxia (13,19). Prolonged generalized alveolar hy- 


| poxia results in pulmonary hypertension, hypertrophy of muscular pulmon- 


ary arterioles, and right ventricular hypertrophy. These structural 
changes tend to partially maintain the elevated pulmonary pressure during 
acute administration of oxygen. Rovever, pulmonary hypertension and the 
structural changes seen in chronic bronchitis and at high altitude are 
reversed by chronic administration of oxygen (13,16). 

An example of the role of the hypoxic ‘ineaaied in the normal requla- 
tion of pulmonary vascular resistance is in the fetal lies. The high 
pulmonary vascular resistance of the fetal lung appears to be due to ac- 
tive vasoconstriction. Vasodilation with acetylcholine, or increasing 


the oxygen partial pressure of fetal blood will result in a partial rever- 


: 


sal of the high resistance (20). Conversely, a decrease in the partial 


pressure of oxygen in fetal blood will result in an increase in the pul- 


monary vascular resistance (21). After birth, ventilation with a gas 
containing a low partial pressure of oxygen tends to maintain the high 
pulmonary artery pressure and the fetal pattern of blood flow through the 
heart and lungs. However, ventilation with a gas containing a normal 
partial pressure of oxygen allows the otal fall in pulmonary vascular 
resistance and the normal change over from fetal to newborn pattern of 
blood flow (22) ° | 

Although it is clinically important, and despite many investigations, 
the mechanism underlying hypoxic pulmonary vasoconstriction remains un- 
certain. 


Proposed Mechanisms 


Over the last thirty years, a number of hypotheses have been advanced 
to explain the mechanism of the hypoxic response. Among the most attrac- 
tive proposals are: 1) a direct effect of oxygen lack on the ‘pulmonary 
vessels (23,24); 2) the local release or accumulation of lactic acid and 
the associated pH change (25);. 3) the local release of catecholamines (26) 
from intact an pathways (27), or from chromaffin tissue (28) in the 
lung and 4) the local formation and/or release of other possible endogen- 
ous vasoactive mediators such as ATP, bradykinin, serotonin, and particu- 
larly histamine (29). | | 

Bergofsky et al. (1967) (24) have shown that pulmonary artery smooth 
muscle loses potassium when ceiienan in Ringer's solution with a low PB, 
The loss of potassium was not seen in the control vessels taken from the 
periphery of the systemic circulation. These authors postulate that the 
loss of potassium causes partial depolarization of the muscle membrane 


4 
sensitizing it to any form of constrictor stimulus (30). Hauge (31) has 
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tested this hypothesis using isolated blood-perfused rat lungs. He 


studied the effect of stepwise reductions in the transcellular: potassium 
gradient by adding potassium to the perfusate. Small reductions of K,,/ 
Rout (the transcellular potassium gradient) caused potentiation of both 

the hypoxic response and the pressor activity of other vasoactive agents. 


Large reductions of K 


/K resulted in sustained contraction of the pul- 
in out 


_ monary vessels. However, the sustained contraction seen with large re- 


ductions of Ki n/Kout did not mimic the hypoxic response, nor did it de- 


out 


crease the hypoxic response as one would have expected if the response 


was related to a transcellular leak of potassium. Furthermore, the abil- 


ity of the lung to respond to hypoxia could be separated temporally from 


the ability of the lung to respond to large additions of potassium. From 


these experiments Hauge concluded that a transcellular leakage of potas- 


sium during hypoxia could not wholly account for the hypoxic response. 
Smith et al. in 1951 (32), and Lloyd in 1967 (33) showed that vas- 


cular smooth muscle strips taken from lung (vessels as small as third 


_ order pulmonary arteries) relax, as do vessels from systemic peripheral 


vascular beds, when the oxygen tension is lowered in the organ bath. 
Lloyd reported in 1968 (34) that lobar artery strips from rabbit lungs 
will constrict in an organ bath when subjected to a low Poo, if a layer 
of lung perivascular tissue is allowed to adhere to the uieuahe. He pos- 
tulated that whereas the direct effect of hypoxia on pulmonary vessels 
is dilatation (as in the systemic periphery), the presence of perivascu- 
lar lung tissue allowed the vessels to constrict, possibly as a conse- 
quence of the release of a chemical mediator. | 
Hauge (35). has suggested that if the hypoxic response is ein pri- 


marily to a direct effect of low oxygen tension on the pulmonary vascular 
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smooth muscle, one would expect arterial hypoxemia to be as ef fective as 
alveolar hypoxia in causing the hypoxic response. He tested this hypo- 
thesis in isolated blood-perfused rat lungs by varying the arterial Po, 
and the PO, of the inspired gas both tehipendeatty ant simultaneously. 
He found that the effect of each stimulus depended on the relative degrees 
of ventilation and perfusion,.but that the most potent stimulus was alveo- 
lar tievektia, He concluded that changes in the arterial Po, affected the 
oxygen tension gradient from alveolus to arterial. lumen of small resis- 
tance vessels, and thus changed the Po, of the alveolar gas. 

The experiments cited above suggest that the hypoxic response is 
probably not a result of the direct effect of low oxygen tension on the 


pulmonary vessels, although hypoxia may directly potentiate the actual 


stimulus (30,31). It seems likely that the accumulation, or release from 


perivascular tissue, of a vasoconstrictor mediator during hypoxia may ef- 


fect the hypoxic response. 
Liljestrand (25), in 1958, reported that infusion of lactate into 
the pulmonary artery of isolated lungs resulted in a drop in perfusate pH 


and a concomitant rise in pulmonary artery \pressure. He also found that 


there was a positive correlation between low perfusate pH and large hy-“ 


poxic responses. In these experiments, infusion of iodoacetate prevented 
the increase in lactate, and also reduced the response to hypoxia. From 
these data he suggested that the presect ‘effects of hypoxia in isolated ~ 
lungs is dependent upon the release or accumulation of lactic acid. How- 
ever, iodeacetate inhibits many enzymes including ‘some of those concerned 
with tissue respiration and its specific effect upon the hypoxic response 
cannot be adequately assessed (36). Duke et al. (37) have found that hy- 
poxia produces variable changes in both blood lactate and pH, and that 
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aithough there was a positive correlation between the increase in lac- 


tate and the hypoxic response in some of theirexperiments, in other exper- 
iments no correlation was seen. Bjurstedt et al. (1961) (38) further 
examined the possible role of lactic acid accumulation and pH change in 
the hypoxic response. Their results were not consistent with postulated 
effector role of lactic acid accumulation, but did suggest that increased 
hydrogen ion concentration can potentiate the hypoxic response. However, 
they also found in these experinents that hypoxia tended to reduce the 


hydrogen ion concentration in the perfusate during vasoconstriction, and 


_ they were forced to conclude that another independent factor must be in- 


volved in the response. Hauge’(1968) (29) showed that varying the per- 
fusate (blood) pH between 7.40 and 7.56 in isolated rat lungs did not in- 
hibit or augment the hypoxic wens From this he concluded that - 
drogen ions probably do not act as mediators of the hypoxic response. 

It has been shown that electrical stimulation of the upper thoracic 
sympathetic outflow nerves in.experimental animals results in pulmonary 
vasoconstriction (39). Aviado et al. (27), in 1957, observed that in 
situ perfused lung lobes of dogs would exhibit hypoxic responses if the 
pon and carotid chemoreceptor nerves, and the perivascular nerves to 
the lungs, were intact. Denervation of either nerve pathway resulted in 
a vasodilator response to hypoxia, He concluded that there are two kinds 
of pulmonary vascular responses to hypoxia, the one a reflex pulmonary 
vasoconstriction initiated by hypoxic stimulation of the carotid and 
aortic chemoreceptors, the other a local vasodilation. It hes been 
pointed out, however, that the tone of the blood vessels was likely to be 


significantly different in the denervated lobe, as compared to the inner- 


vated one, due to intact baroreceptor and other potential nervous influences 


perfused rat lungs. In a paper published in 1968 he reported that al- 


of phentolamine (29). In another. paper published the same year, Hauge 


on the blood vessels in the latter preparation (36). Moreover, Duke 
(1957) (40), and Cournand (1961) (41) have each shown that chronic sym- 
satinevins does not prevent the hypoxic response. The strongest evidence 
against the requirement for intact nerve pathways for the hypoxic re- 
sponse comes from the observation that, as previously mentioned, signif- 
icant sdptodectiliee treente responses are obtained in isolated lung 
preparations from most mammalian species studied. 

Although nerve pathways connecting the lung to the rest of the body 
are not required for hypoxic pulmonary wauncemerietion, it has been sug- 
eeetet that the putative transmitter norepinephrine, or other catechola- 
mines, may be required. Barer (26) (1966) has reported that the hypoxic 
response in cat lungs perfused and ventilated in situ was abolished oe 
dibenamine and by ghenoxybentanine. The response was also prevented by 
guanethidine and usually prevented by pretreatment with reserpine. She 
postulated that the local release of catecholamines’ was responsible for 
the hypoxic response. Logaras (42), in 1947, tested the effects of er- 
gotaminé, dihydroergotamine, yohimbine, and atropine on the hypoxic re- 
sponse; none blocked it. The ergot derivatives have been shown to block 
the response to catecholamines in the lung (43). His data argue against 


Barer's hypothesis. Hauge tested this hypothesis in isolated blood- 


though either phentolamine mesylate or phenoxybenzamine completely abolished 
the constrictor effect of norepinephrine, neither drug could abolish the 
hypoxic response. Phentolamine did reduce the pressor response to hypoxia 
in three of ten experiments, but in one of the three, the pressor efterte 


of ATP and bradykinin were also reduced, suggesting a nonspecific effect 
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reported that pretreatment of animals with reserpine, guanethidine, or 


alpha-methyl-tyrosine reduced catecholamine stores heart tissue (used 

as an index of eobeetion of catecholamines in lung tissue) by 90% without 
any effect upon the hypoxic response (44). He concluded that catechola- _ 
mines are relatively unimportant in the response to hypoxia. 

In these same publications, Range suggested that other endogenous 
vasoactive agents may act as mediators of the hypoxic response. In the 
first paper (29) he tested the effects of drugs which block or potentiate 
the direct vasoactivity of ATP, bradykinin, serotonin, and histamine upon 
the hypoxic response. The ATP blocking enn 2,4-xylenol blocked the 
pressor effect of ATP, but did not affect the hypoxic response. The 
bradykinin potentiating agent bovine peptide-B greatly potentiated the 
direct constrictor effect of bradykinin without affecting the hypoxic re- 
sponse. The serotonin blocking agent methysergide bimaleate had no con- 
sistent effect dn the hypoxic response, but always blocked the pressor 
etieler of serotonin. Antihistamines from four different chemical slaeese 
were able to block the hypoxic response without interfering with the pres- 


sor effects of injected bradykinin, ATP, or serotonin. The effects of the 


antihistamines on the hypoxic response were dose dependent, and at the 


higher doses they were able to block the formation of edema caused by in- 
jection of histamine into the pulmonary artery. The dtvect vasoactive 
effect of histamine in the lung was difficult to determine because hista- 
mine in doses large enough to cause an increase in pulmonary wsenuhas | 
resistance also produced edema and a reduction in compliance. In this — 
same paper ini also showed that both thioglycollate, which potentiates 
histamine release from isolated rat mast cells, and semicarbazide, a his- 


taminase inhibitor, markedly potentiated the hypoxic responses. | 


_ In his second paper in 1968 (44), Hauge et al. used releasing agents 


1: 
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tion. Lung histamine was reduced to 27% of normal by simultaneous admin- 


| istration of 48/80 (a histamine releasing agent) and NSD 1055 (an inhib- 


and inhibitors of synthesis to deplete lung stores of serotonin and | 
histamine. Serotonin content of lung was reduced to 93% of normal by 
prior administration of reserpine to intact rats. Hypoxic responses of 


the isolated lungs of these rats were not reduced by the serotonin deple- 


itor of histamine synthesis) to intact rats. Isolated lungs from these — 
rats still responded to alveolar hypoxia. However, the administration of | 
48/80 in vitro resulted in a 90% reduction of lung histamine levels, and 
a concomitant disappeargnce of the hypoxic response. In this latter : 
group of lungs, the response to injected bradykinin or ATP was not re- 
duced by the administration of 48/80. Hauge postulated that histamine 
is a necessary mediator of the hypoxic response, but that only a 11 
part of the total stored lung histamine is critical, and this small esol 
is not depleted by the agents used in his in vivo depletion experiments. 
Hauge et al. (45) have reported evidence which confirms these find- 
ings. In a series of experiments using intact anesthetized cats, they 
showed that 48/80 abolished the hypoxic response in each case without 
blocking the ability of the lung vessels to react to other vasoactive 


agents. 


Aviado et al. (46) (1966) has reported that the histamine content of 


pulmonary venous blood in the dog is elevated by ventilation with 100% No. 


Hauge, and others, have presented evidence which strongly suggests 
that histamine may play a role in the mechanism underlying the hypoxic 
response. However, all the evidence is indirect and a nals of questions 
can be raised concerning these observations. If histamine is the agent 


directly causing vasoconstriction during alveolar hypoxia, one might 


| 
| 
| 


11 


expect to see vasoconstriction on administration of histamine which mimics 
that seen during hypoxia. Hauge (29) reported that administration of his- 
taminé to isolated rat lungs caused vasoconstriction only when enough had 
been given to cause edema formation and a decrease in compliance. The 
savalenient of pulmonary edema sufficient to cause a decreased compliance 
might also be sufficient to pune ius increase in pulmonary vascular resis- 
tance. Hauge argues, however, that accessibility to receptor sites may be 
an important determinant for the quantitative effect, and that the effect 
of endogenous release of histamine on receptor sites may not be equivalent 
. the effect of exogenous administration of histamine on vascular recep- 
tors. With this in mind, one might expect that the administration of the 
histamine releasing agent 48/80, which has been shown by Hauge et al. (44) 
to deplete those stores of lung histamine which are postulated to be im- 
portant - the hypoxic response, would cause the release of histamine 
from thete stores and produce a vasoconstrictor response similar to that 
seen during hypoxia. Administration of 48/80 produced small vansconatricter 
ooenineen (which were blocked by the prior administration of an antihista- 
mine compound) » and these did not mimic the hypoxic responses seen prior 
to the administration of 48/80. However, in these experiments, histamine 
may not have been released at a rate sufficient to cause responses similar 
to those seen during hypoxia. 
‘It should be mentioned that some investigators (Nisell, 1950 (11); 
Duke, 1957 (40); Barer, (1963) (47)) have reported that antihistaminic 
agents do not reduce the hypoxic response. These investigators used 


smaller amounts of the agents than Hauge used, and this may explain the 


discrepancy. Hauge had to use large amounts of antihistamine compounds 


z | to achieve reduction of the hypoxic response; amounts which are tolerated 
x 


12 


by isolated lungs but not by intact animals (29). He suggested that the 

requirement for such large amounts of antihistamines to block the hypoxic 

response may be due to a relative preferential accessibility of the recep- 

tors to endogenous histamine. Another possible explanation is that the | 
antihistamines may have an effect on the hypoxic response that is separate 

from their antihistaminic effect. 

Glazier et al. (48), using perfused dog lungs, has reported that al- a 

‘veolar hypoxia constricts the pre-capillary vessels, while histamine con- 
stricts the post-capillary vessels. His evidence comes from observing 
| where in the pulmonary vascular bed the formed elements of the blood are 
trapped, Gutta hypoxia and administration of histamine, in lungs perfused 
in both antegrade and retrograde manner. His work has been criticized 
because he was only able to prema the trapped elements of the blood in 
the surface capillaries which may not represent the rest of the lung 
vasculature. 

The above descriptions of the hypotheses relating to hypoxic pulmon- 
ary vasoconstriction, and evidence for and against these hypotheses, are 
representative of the vast amount of information and conjectures that 
are available in the literature to date. Although the hypotheses pre- 
sented here are the most popular ones, no —_ has shown definitive evi- 
dence that a specific agent is required in any preparation for pulmonary 
vasoconstriction during hypoxia. The ovdenes for the involvement of 
histamine in the hypoxic response is, despite the questions raised above, 
the strongest and most acceptable evidence presented for any postulated 


agent. 


2. Introduction to Original Work 


The present study was designed to provide a more direct assessment 
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of the role that histamine, or other vasoactive agents, may play in the 
pulmonary vasoconstrictor response to hypoxia. The Leolated perfused rat 
lung preparation ie chosen for this study dex a number of reasons. First, 
isolated lung preparations satisfy all of the criteria for demonstration of 
primary pulmonary vasoconstrictor responses to alveolar hypoxia as outlined 


by Daly et al. (49). These authors suggest that five variables must be 


: controlled in any preparation in order to demonstrate an active response 


of the pulmonary vasculature to any stimulus. These are: cardiac output 


(flow through the lung vessels); systemic back pressure changes; changes 

in bronchial circulation; effects of changes in ventilation on pulmonary 
vessels; and bronchomotor effects. Isolated lung preparations, with only 
the pulmonary vasculature intact, perfused at a constant volume inflow 
with a constant left atrial pressure, and ventilated at a constant peak 
inspiratory pressure with a continuous measurement of the volume of air 
entering the lung during inspiration (this volume changes with changes in 
bronchomotor tone 12), have these five variables controlled. Second, 
Hauge has published six papers (12,29,31,35,44,50) on the sevauhe response 
in isolated blood-perfused rat ., These investigations pro- 


vide a solid background of information on which to design further experi- 


mentation. Third, the rat is a laboratory animal whose isolated lungs 


have been shown to give marked and reproducible vascular responses to 


hypoxia in a preparation which is easily set up by a single investigator. 
| 


This last factor allows large numbers of experiments to be performed with 
maximal efficiency. 
Hauge has suggested that the vasoconstrictor response to hypoxia seen 


in isolated blood-perfused rat lungs is dependent upon an intact mech- 


anism in the lung and an element from the blood (12). This element from 


7 

t 

i 


14 


the blood may be the vasoconstrictor itself, or it may be a precursor of 
the actual agent. It may also be an agent which does not directly cause 
coneeseetanten, but instead permits another vasoactive agent to effect 
a response. Clearly, the blood perfusate represents another uncontrolled 
variable in that it contains a myriad of substances which could play a 
role in the mechanism of hypoxic pulmonary vasoconstriction. To try to 
analyze the particular role that these substances might play during hy- 
poxia, either by direct assay of their concentration in the blood or by 
observing their rate of formation or change, would be a formidable task 
that pane not guarantee direct evidence for their involvement in the hy- 
poxic response. Another approach would be to create an artificial perfu- 
sate which contains only the essential salts, nutrients, and colloids to 
insure viability of the lung and vascular tissues during perfusion. This 
artificial perfusate could then be used as a controlled variable, and 


vasoactive agents or precursors could be added to it to determine their 


effects during hypoxia. 


Most scientific investigations begin with an interesting but unex- 
plained observation. After the initial observation is made, the researcher 


has a number of options open to him in how to proceed with his investiga- 


‘tion. He may formulate a ruling theory to explain the observation, and 


try by all means to prove that he is right. He may decide to utilize a 
particular experimental model with which he jure comfortable in hopes of 
collecting large amounts of meaningful data that will explain his original 
observation. Both of these methods have built-in pitfalls in that having 
a ruling theory, or being method-bound ,disarms the investigator and takes 


away his most valuable tools, an open mind and the freedom to design and 


carry out appropriate experiments. A third method is the most difficult | 


| | 
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of the three, but also yields the most useful information. - It is the 
method of multiple nthen hypotheses, and is designed to eebesin; as much 

as possible, investigator bias (51,52). After the initial observation is 
made, the investigator formulates two or more mutually exclusive and tes- 
table hypotheses. He then designs a critical experiment, the results of 
which will definitely rule out one or more of the hypotheses. In this 
manner he constructs a logic tees with branch points that are determined 
by the outcome of the critical experiments. The method is not designed 
to prove that a particular theory is correct, but to eliminate those that 
are not. This is the most efficient means of obtaining meaningful infor- 
mation, and helps the investigator avoid becoming method-bound if the 
critical experiments are properly designed and carried out. This method 
-is theoretically very good, but difficult to achieve practically. In d 
practice, the investigator formulates hypotheses that are testable within 
the scope of his technical expertise, and he tries not to become emotion- 
ally attached to ae of his theories. 

I have tried to follow the method of multiple working hypotheses in 
the studies reported here. The initial observation which began these 
studies was that hypoxic responses were ik present in an isolated lung 
that was perfused with an artificial perfusate. Since hypoxic responses 
were present in the same preparation sis sacdaaadl with blood, it was ob- 
vious that an essential element was missing from the salt-albumin perfu- 
sate. The two hypotheses that I formulated to explain the observation 
were that an essential element was missing for general vascular reactivity, 
or that the missing element was specifically necessary for hypoxic pul- 
monary vasoconstriction. The experiments which followed differentiated 


_ between these two sibilities, and showed that angiotensin II was spe- 
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cifically required for the hypoxic response. The next branch point dealt 
with whether or not angiotensin was directly responsible for the hypoxic 
constriction, and the subsequent experiments suggested that it was an ef- 
- fect of angiotensin that is separate from its direct vasoconstrictor ef- 
fect. The last series of experiments, which entailed a major change in 
methodology, was designed to differentiate between the questions of whether 
this effect of angiotensin II was peculiar to the isolated lung preparation, 
or whether it was an important part of the mechanism of hypoxic pulmonary 
vasoconstriction in vivo. | The results have shown that it is part of the 
mechanism in vivo. 

What follows is a paper, to be published in Circulation Research, 
that describes the experiments and methods used with the isolated rat lung 
perfused with an artificial perfusate. A diagram of the perfusion and 
ventilation arrangement used is seen in figure I.1. The results show that 
the addition of angiotensin II to the perfusate is specifically required 


for hypoxic pulmonary vasoconstriction. : 
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CHAPTER 1: HYPOXIA IN THE ISOLATED RAT LUNG 


Inhalation of hypoxic gas mixtures elicits pulmonary vasoconstriction 
(1) but the direct effect of low oxygen on pulmonary artery dinetch muscle 
is vasodilatation (2). To account for this apparent discipaies, the re- 
lease of vasomotor agents, such as histamine, from cells in the vicinity 
of pulmonary arterioles, or the reversible tees of potassium from vascular 
smooth muscle have been suggested as possible mechanisms for pulmonary 
vasoconstriction during hypoxia (2-5). Despite many investigations, there 
is no agreement on a particular mechanism. 

A modification of a perfused rat lung preparation (3) was used to 
study the mechanism of increased pulmonary vascular resistance during al- 
veolar hypoxia. The results indicate that angiotensin II must be present 
in the perfusate for hypoxia to result in pulmonary vasoconstriction. 
Materials and Methods : 


Sprague Dawley rats of either sex (200 to 250 g) were anesthetized by 
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intraperitoneal injection of sodium pentobarbital (80 mg/kg). A tracheos- 


tomy was performed and the chest opened during positive pressure ventila- — 
tion. After injecting 200 U.S.P. units of heparin into the left ventricle, 
a stainless steel cannula was placed through the right ventricle into the 


pulmonary artery and a plastic cannula (PE#280) was placed through the 


_.,. left ventricle into the left atrium. The cannulas were secured with liga- 


tures around the pulmonary artery and ventricles. Positive pressure venti- 
lation and perfusion were maintained during preparation of the lungs, ex- 

cept for two minutes when the lungs, fully inflated, were transferred to 


a humidified constant temperature chamber (37°C). Pulmonary circulation 


was reinstituted using a Harvard Pulsatile Pump (M-1405); with a fixed 
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systolic-diastolic ratio of 1:2. The pump was set for a stroke rate of 
120/min with a stroke volume of .17 ml. 

The perfusate was an albumin and salt solution prepared by mixing 
20 ml of a concentrated eteck solution of electrolytes containing 
CaCL, 
(32.90 g/1}, with a 20 ml of a concentrated stock solution of NaHCO 


NaH,PO,*H20(1.59 g/1), KCl (2.20 g/1), and NaCl 


3 
(10.46 g/1, pipetted after equilibration with 1002Z CO. for one hour), 5 


ml of .1M stock solution of D-glucose, 5 ml distilled water, and 50 ml 
of 10% solution (wt/vol) of salt-poor bovine albumin (Miles Pentex 
fraction V). The final concentration of ions in the perfusate was: 


445. NaT140, K'5.9, HCO,” 24.9, C1 123.6 meq/1: glucose 5 


Ca 
and 5% (wt/vol) albumin. The CO. concentration in the gas phase over the 
perfusate reservoir was maintained at 52% throughout the experiment to keep 
pH at 7.4. | The perfusate was pumped through the pulmonary artery cannula 
from a 100 ml reservoir kept at 37°C. The first 20 ml was used to wash 
the pulmonary vasculature and then discarded. The 
remaining 80 ml was returned to the reservoir through the left atrial 
cannula and recirculated. Pulmonary artery pressure was measured from ‘ 
side arm on the cannula with a Statham p23AA pressure transducer connected 
to a Grass model 5d recorder. Under conditions of constant-mean-volume 
inflow, er in pulmonary artery pressure directly reflect changes in 
pulmonary vascular resistance. The flow maintained in this study was 20 


ml/min, which is the lower limit of normal cardiac output in the rat (6). 


- Positive pressure ventilation was provided by a Starling "Ideal" 
pump set for a 10 ml stroke volume. Valves were set so that peak inspira- 
tory pressure did not exceed 10 cm water; expiratory pressure was 2-4 cm 3 


water. Ventilation overflow volume is that portion of the constant stroke 


i 
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volune of the pump that does not enter the lung during dnspiration either | 
benaene compliance decreases or airway resistance increases, or both. | 
Measurement of this volume, using a Minispirometer model 118 and the over- 
flow arrangement described by Konzett and Rossler (7), provided a contin- 
uous assessment of changes in compliance or airway resistance resulting 
from edema formation, and therefore determined the suitability of the 
lung for continued experimentation. Lungs were rej ected only after enough 
edema had formed to decrease conpliancs beyond the peak inspiratory pres- 
sure of 10 cm of water. Edema of this magnitude only developed in those 
lungs that were diseased at the time of utilization or that responded to 
too high a dose of a pressor agent by maintaining a pulmonary artery pres- 
sure above 25 mm Hg for more than a few minutes. In most cases, gentle 
hyperinflations given at intervals throughout the experiment were suffi- 
cient to maintain a low overflow volume. 
The lungs were ventilated with a humidified gas mixture of 212 0, | 
5% CO,» and 74% No, at a frequency of 60/min. To produce alveolar hypoxia 
the lungs were ventilated for 3 minutes with a humidified gas mixture of 
2% 05, Sz C05, and 93% Np. Because albumin was added, the perfusate could 


not be bubbled to maintain constant p0., although the gas phase over the 
reservoir was maintained at 95% 0,. 

Drugs were either injected as a bolus into the pulmonary artery can- 
nula or directly added to the reservoir containing perfusate. All drugs 
were diluted in saline; the same volume of saline was administered as a 
control. 


With the exception of methoxamine hydrochloride, all of the following 
chemicals were weighed (as the salt) from powdered form and diluted in sa- 


line: Phenylephrine hydrochloride (Sigma), norepinephrine hydrochloride 


& 
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(Nutritional Biochemicals), bradykinin triacetate (Calbiochem), hista- 
mine dihydrochloride (B gradé) (Calbiochem), serotonin creatinine sul- 
_ fate (Calbiochem), epinephring bitartrate (B grade) (Calbiochem), angio- 
tensin II amide (CIBA), angiotensin I (synthetic A grade) (Calbiochem); 


methoxamine hydrochloride (aqueous) (Burroughs Wellcome). 


Results 

At the beginning of perfusion with the salt-albumin solution, hy- 
poxia seobeeel no pressor responses in most lung preparations, and ads 
minimal pressor responses in others (increases of 2 to 3 mm Hg systolic 
pressure). These minimal responses, when present, could not be obtained 
for more than one hour after they first occurred. Subsequent experiments 
were designed to test whether vasoactive substances were needed in the : 
perfusate in order to maintain vascular reactivity. It was noted that 
hypoxic wertete produced marked pulmonary vasoconstriction after the ad- 
dition of angiotensin II (Figure 1.1) and that addition of other vasoac- 
tive agents did not prague the same effect. Tables 1.1 through 1.5 
tabulate data which document this effect of angiotensin II and demon- 
strate its specificity: | | 
Table 1.1 (Effect of angiotensin II upon the hypoxic response) sca 
the results of l 1 g preparations with a total of 25 observations. In 
13 of the dedie 08 hypoxic responses were not present before the ad- 
dition of angiotensin II and in the remaining 4 the average response be- _ 
fore addition of angiotensin II was 1.1 mm Hg (mean) pressure rise. The | 
average increase in the hypoxic response after the addition of 1 Ag (12 


nM) angiotensin II was 2.2 mm Hg (mean). The average increase in pul- 


monary artery pressure directly caused by 12 nM angiotensin II, in the 


| 

| 
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absence of tachyphylaxis, was 1.6 mm Hg (mean). Those concentrations of 
angiotensin II that produced only minimal or no direct pressor responses 
in a single lung did significantly augment the hypoxic pressor response 
in that lung. The dose-response relationship for angiotensin II and the 
hypoxic response is more clearly illustrated in Figure 1.2 (one lung prep- 
aration). Angiotensin II exerted its effect on hypoxic vasoconstriction 
in concentrations from 12 to 120 nM. Each addition of angiotensin II in- 


creased the subsequent hypoxic response until the maximal response was 


reached. Note that the hypoxic response was not present before the addi- 


tion of angiotensin II to the perfusate, and although the initial addition 


of angiotensin II did not produce any direct vasoconstriction, hypoxia did 
subsequently produce a response. | ioe 

Table 1.2 (Effect of angiotensin II tachyphylaxis upon the hypoxic re- 
sponse) reports the results of 7 lung preparations in which tachyphylaxis, 


to large doses (10 - 100 mg) of angiotensin-II, was produced during a 


‘maximal response to hypoxia. The average direct response to 10 gig angio- 


tensin II during tachyphylaxis was 0.7 mm ‘Hg (mean) pressure rise. The 
average hypoxic response before tachyphylaxis was 6.5 mm Hg (mean) pres~ 
sure rise. The average hypoxic response after tachyphylaxis was 9 mm Hg 
(mean) Pacer rise. Thus, the pressor response to hypoxia allowed by 
angiotensin II was not reduced by subsequent tachyphylaxis to the direct 
vasoconstrictor effect of the angiotensin II. 3 


Table 1.3 (Comparative effect of angiotensin I and angiotensin II on the 


hypoxic response) reports the results of 4 Lung preparations with 5 sets 


of observations. In each set of observations angiotensin I and angio- 


tensin II were administered (in random order) and their ability to po- 


tentiate the hypoxic response was compared. Hypoxic tests were performed 


i 


10 min after administration of either agent. The second agent was ad- 


ministered during the time when the hypoxic response caused by the first 


agent was declining. The average increase of the hypoxic response caused 


by 1 pg of angiotensin II was 5.2 mm Hg (mean). The average increase of 


the hypoxic response caused by 1 gig of angiotensin I was 1.1 mm Hg (mean). 


The rat lung contains an enzyme that converts approximately 20% of angio- 


tensin I into angiotensin II during one passage through the lung, the 


remaining angiotensin I is converted to lower homologues of angiotensin 


I (8). The ability of angiotensin I to modify the hypoxic response is 


consistent with a partial conversion to angiotensin II, assuming the ac- 


tive moiety is angiotensin II and that the other degradation products of 


angiotensin I are not active. 


Table 1.4 (Effect of other vasoactive agents upon hypoxic response) re- 


ports the effects of 7 different agents upon the hypoxic response (in- 


cluding catecholamines, peptides, indoleamines and imidazolamines): 


Phenylephrine - 3 lung preparations. Average direct response to 10 
Ag was 1.1 mm Hg (mean) pressure rise. 

Norepinephrine - 4 lung preparations. Average direct response to 10 
Ag was 1.3 mm Hg (mean) pressure rise. 

Bradykinin ~ 3 lung preparations. Average direct response to 10 ~g 


was 2 mm Hg (mean) pressure rise. — 


Histamine - 5 lung preparations. Average direct response to 10 jg 


was -0.3 mm Hg (mean) pressure fall. 

Serotonin - 1 lung preparation. Average direct response to 10 ag 
was 0.3 mm Hg (mean) pressure rise. | 

atheninias - 1 lung preparation. Average direct response to 10 


ag was .8 mm Hg (mean) pressure rise. 
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g. Epinephrine “ 2 lung preparations. Average direct response to 10 ag 
was 2 mm Hg (mean) pressure rise. 
The average change in the response to hypoxia after administration of the 
agents (in various amounts) was -.9 mm Hg (mean) reduction of response. 
The range of these changes was 0 to -5.5 mm Hg (mean) reduction of re- ¢ 
sponse. | 
Table 1.5 (Effect of angiotensin II upon response to other agents) re- 
ports the effects of angiotensin II administration upon the direct vaso- 
activity of 4 agents: 
| a. Phenylephrine - 2 lung preparations. 
b. Norepinephrine - 1 lung preparation. | | 
Gs Bradykinin - 4 lung preparations. | 
d. Methoxamine - 1 lung preparation. 
The average change in the direct vasoconstrictor response of these agents 
after the administration of angiotensin II, in various amounts, was -.8 
mm Hg (mean) reduction in response. The range of these changes was +.5 


to -2 (mean) response change. 


Discussion 


The data obtained from this investigation demonstrate that the hy- 
sued wennial response is dependent upon the presence of angiotensin II 
in the salt-albumin solution that is perfusing the lung (Table 1.1 and 
Figure 1.2). Small amounts of angiotensin II (e.g. 12 nM) allow hypoxic 


pressor responses for 30-60 minutes. After this time, hypoxic pressor 


responses return when more angiotensin II is added to the perfusate. If 


angiotensin II is added frequently to the perfusate the hypoxic responses 


persist throughout the experiment. The disappearance of the hypoxic re- 


| 
| 
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disappearance of angiotensin II from the perfusate was not directly mea- 


on the hypoxic pressor response resulted from this study: i) This effect 


that were tested neither produced nor potentiated the hypoxic pressor re- 


sponse, in the absence of repeated additions of angiotensin II, may be 
caused by inactivation of angiotensin II in the lung (9). However, the 

sured in these experiments. | | 


Three further observations concerning the effect of angiotensin II 
is specific for angiotensin II in that agents other than angiotensin II 


sponse (Table 1.4); ii) Although a wide range of doses was not tested, 
angiotensin II is not required for the pressor activity of other sauna 
(Table 1.5); iii) Angiotensin II is probably not released by the hypoxic 
stimulus to directly cause pulmonary vasoconstriction because sub-pressor 
amounts of. angiotensin II support the hypoxic response and tachyphylaxis 
to the direct pressor activity of angiotensin II does not alter the hy- 
poxic response (Tables 1.1 and 1.2; Figure 1.2). | 

Thus, although angiotensin II, of all the agents tested, is specific- 
ally required for hypoxic pulmonary vasoconstriction, it probably does not 
directly cause it. Instead, it may permit the release or action of another 
agent. | | 

Isolated lungs perfused with whole blood are responsive to hypoxia 
during a limited period of perfusion. The responsive period, once gone, 
does not return despite continuing lung viability as measured by compliance 
and pulmonary vascular reactivity (1). It has been suggested (1) that the 
disappearance of the hypoxic response in blood perfused lungs is due to 
changes in the lungs themselves; however, the decay of the response to 
hypoxia that occurs in blood perfused lungs does not occur in lungs per- 


fused with an artificial medium containing effective concentrations of 


y 
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angiotensin II. The pulmonary vasoconstrictor response to hypoxia seems 
to require both an intact mechanism in lung and a specific element from 
the blood (1). These observations, and the data in Table 1.3, suggest 
that a ciiaiancehntan response to hypoxia may depend upon the ability of 
the lung to utilize directly, or fore from precursors, an angiotensin II- 


like substance. This ability seems to be labile and has a limited effec- 


tive period in isolated blood perfused lungs. | : | 
My suendine indicate that, of all the pressor agents tested, only an- 
giotensin II had to be present in a salt-albumin solution perfusing an 
isolated rat lung in order for signif icant hypoxic pulmonary vasoconstric- 
tion to occur. This action of angiotensin II can be separated from its 
. direct vasoconstrictor activity, and represents an effect of angiotensin 
| II not previously described. The transient and minimal early response 
to hypoxia occasionally seen with the artificial perfusate in the ab- 
sence of added angiotensin II may be an expression of this mechanism as 
it exists in vivo (it is therefore interesting to note that renin-like 
enzymes capable of forming angiotensin I from substrates have been found 
in tissues other than kidney, and including the rat lung) (10). 
The pulmonary vasoconstriction induced by hypoxia may play a role 
‘a vivo in redistributing pulmonary blood flow from hypoxic alveoli to 
better oxygenated ones, if hypoxia is regional, as it is in chronic 
bronchitis and emphysema (11); or in the development of pulmonary hyper- 
- tension or congestive heart failure if hypoxia is general, as it is in 
high altitude pulmonary edema or Pickwickian syndrome (12,13). The pos- 
sible role of angiotensin II in these hypoxic responses has not been in- 


vestigated in vivo. 


Renin and renin substrate levels have been measured in blood of neo- 


| 


nates at birth and in blood of rats and people at simulated high altitude 
(14-16). In both instances alveolar hypoxia is associated with high pul- 
monary vascular resistance. At high altitude, where hypoxemia is also ” 
present, renin concentrations were found to be depressed and renin sub- 
strate levels were elevated. However, angiotensin II levels were det tee 
ported, In neonates at birth, where hypoxemia is not present, renin levels 
were found to be elevated and to decrease to normal levels over the subse- 
quent three days. Again, angiotensin II levels were not reported. 

Studies of the effects of changes in renin-angiotensin systems on 
pulmonary vascular resistance during alveolar hypoxia’ may lead to a better 
understanding of the pathogenesis of hypoxic pulmonary hypertension in 


vivo. 
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CHAPTER I. SUPPLEMENTARY DISCUSSION 


The Perfusate 


AVM 


The perfusate used in the isolated lung experiments reported above 
was designed to reproduce, as closely as possible, the concentrations of 
electrolytes, glucose, and colloids found in rat plasma (1). Many types 


of artificial perfusates have been used to perfuse isolated organs of ani- 


mals, including organs taken from rats (2). However, none of the perfu- 


sates previously used has been specifically designed for the maintenance 
of optimal reactivity of the pulmonary vessels of the rat. 

Although the concentrations of the eusiittveente in the present per- 
fusate are quite close to those of normal rat plasma, a few differences 
are apparent. Magnesium, normally present in rat plasma at a concentra- 
tion of 1.3 mEq/L, hae been omitted from the perfusate in my experiments. 
Calcium, normally present in rat plasma at a concentration of 6.2 mEq/L, 
has been reduced to 5 mEq/L in the perfusate. It has been reported that 
calcium and magnesium | sometimes act synergistically in the maintenance 
of smooth muscle reactivity in perfused isolated organs (2). For this 
reason, the amounts of both magnesium and calcium were varied, in a series 
of experiments, to establish optimal concentrations in the perfusate for 
maximal vascular reactivity. Maximal vascular reactivity to pressor 
agents and minimal tendency to develop pulmonary edema occurred when the | 
sum of the concentrations of magnesium and calcium was equal to 5 mEq/L. 
At higher concentrations of these electrolytes (as high as 17 mEq/L total) 
the tendency to develop pulmonary edema was very low, the lungs could be 
perfused for many hours, but the pulmonary vascular reactivity was re- 


duced. At low concentrations of these electrolytes (as low as 3 mEq/L 
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total) the vascular reactivity was very high, but rapid formation of pul- 
monary edema ended the experiment within a few minutes. Magnesium and | 
calcium were additive in these effects, and no other effect of siento 
was observed. Subsequent experiments utilized perfusates containing cal- 
Colloid is an important constituent in the perfusate, without which 
one can expect the rapid development of edema. Dextran has been used 


with some success to provide colloidal osmotic pressure in artificial 


perfusates (3); however, edema forms relatively rapidly in comparison to 


perfusates employing albumin. In the present study, dextran (75,000 mo- 
lecular weight) was used in two experiments at a concentration of 5 g/ 
100 ml. In these experiments, the addition of angiotensin II to the per- 
fusate shortly after beginning perfusion resulted in subsequent hypoxic ° 
pulmonary vasoconstriction. However, atu the: first 30 minutes of per- 
fusion edema formation terminated each experiment. 

Thus, while albumin is not necessary for the effect of angiotensin 
upon the hypoxic response, it is aon avoiding edema formation 
during perfusion, and was used in subsequent experiments at a concentra- | 


tion of 5 g/100 ml. 


Histamine 
One of the initial objectives of this study was a more direct assess- 
ment of the role that histamine may play in hypoxic pulmonary vasocon- 


striction. Three different approaches were used, and although the studies | 


"were incomplete and did not absolutely rule out histamine as a mediator of 


the hypoxic response, they did suggest that pursuing the question of the 


role of histamine would be less productive than defining the role of other 


a 
} 


possible mediators. 


The first approach was to observe the effects upon the hypoxic re- 
sponse of adding histamine to the perfusate. The data from some of these 
icine tities are reported in table 4 of the previous section. The addition 
of histamine had no effect on the hypoxic response, and amounts ranging | 
from 10 to 100 pg (injected into the pulmonary artery) produced vasodi- 
lation and a fall in pulmonary artery baseline systolic epee of 2 to 
3 mm Hg. In other experiments of the same series (not reported in table 
4), the injection of histamine into the pulmonary artery ‘(in amounts 
ranging from 10 to 100 yg) during a peak vasoconstrictor response to angio- 
tensin or hypoxia resulted in vasodilation and a partial reversal of the 
vasoconstrictor response. The magnitude of the decrease in pulmonary 
artery pressure was dependent upon the amount of histamine injected, and 
varied from 1 to 8 mm Hg mean pressure drop (6 experiments with 21 obser- 
vations). During a hypoxic response, as the dilator effect of added his- 
tamine ouboidiad. the pulmonary artery pressure returned to its oe 
mine-addition value and was terminated by return to normoxia in the usual 
nian, An example of this effect of histamine during a vasoconstrictor 
response to hypoxia is seen in figure 1.3. Barer, (4), in 1966, showed 
that small amounts of histamine (.4 to 1.8 ug) injected into the pulmon- 
ary artery of collapsed cat lungs produced vasodilation, where as larger 
amounts (.7 to 18 pg) produced vasoconstriction. Hauge (5), as mentioned 
above, could not demonstrate histamine-produced-vasoconstriction in rat 
lungs unless large amounts (up to 8 mg) were injected into the pulmonary 
artery; chaas large amounts of histamine also produced pulmonary edema. 

He did not report a dilator effect of smaller doses of injected histamine. 
| The effect of antihistamines in blocking the hypoxic response pro- 


vides the strongest evidence for the postulated role of histamine as the 
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mediator. Therefore I investigated the effect of antihistamines upon 


the hypoxic response and on the vasodilation caused by histamine. Di- 


phenhydramine was used in three experiments. In the first two of these, 


4 mg/80 ml of diphenhydramine reduced the hypoxic response by an average 


of 66%. In the third, 2 mg/80 ml of diphenhydramine reduced the hypoxic 


_ response by 75%. The vasodilation caused by histamine was only slightly 


reduced. In one experiment, 5 mg/80 ml of purified chlorpheniramine re- 
duced the hypoxic response by 25%, and completely blocked the dilator ef- 
fects of injected histamine. In view of the dilator activity of hista-_ 
mine, the ability of the antihistamines to block the hypoxic response 
might be related to an action that is separate from their ability to 
block histamine. Because diphenhydramine, which has more central nervous 
system and atropine-like side effects than chlorpheniramine but only 1/20 
the antihistaminic activity (6), is:most effective in blocking the 

poxic response, atropine, which has been previously reported to ave no 


effect upon the hypoxic response (7), was tested in three experiments. 


‘In the first two of these, 4 mg/80 ml of atropine reduced the hypoxic re- 


sponse by an average of 57%. In the third, 5 mg/80 ml of atropine reduced 


the hypoxic response by 59%. The vasodilator effect of histamine was not 
affected by atropine. , These observations, although in need of verifica- 
tion in a larger series of experiments, suggest that the mechanism of ac~ 
tion of antihistamines in blocking the hypoxic response may be non- 
specific and would be difficult to enna. 

The last series of experiments that relates to the effect of hista- 
mine during hypoxia was designed to estimate the amount of histamine 


which may be released during hypoxia. It was thought that if enough 


histamine is released during hypoxia to effect vasoconstriction its con- 


centration in the perfusate might reach detectable levels. The principles 
of the assay that was used to estimate histamine concentration in the 
artificial perfusate was described by Miller in 1969 (8). This assay 


uses an enzyme, histamine-methyl-transferase extracted from guinea pig 
14 


brains (9), to attach a ~'C labeled methyl group to the histamine in the 


perfusate. A small quantity of 34 labeled histamine, added to the perfu- 
sate as a tracer, is also with the labeled methyl group. After 
the methylating reaction is complete, the labeled histamine is extracted | 
into chloroform, the chloroform is evaporated, and the labeled histamine 
is taken up into a toluene phosphor. The samples are then counted in a 
liquid scintillation counter. The amount of histamine in the unknown san- 
ples is directly proportional to the ratio of 140734, and can be calcu- 
lated from a standard curve prepared simultaneously with the samples. 

The assay is specific for histamine, and can detect concentrations as low 
as 2 ng/ml of sample. Figure 1.4 presents an outline of the assay. In 
four experiments, sialianiien samples were collected (A) before the addi- 
tion of angiotensin II (when hypoxic responses were not present), (B) 
during the peak of a prolonged (5 minutes) hypoxic response, (C) during 
the return of the pulmonary artery pressure to baseline after a hypoxic 
response was terminated, and (D) at the end of the experiment after hista- 
mine was added to the perfusate, at a concentration of 40 ng/ml, as an 
internal standard. These samples were collected from the left atrial 
cannula, and were assayed for histamine content. Histamine ii not de- 
tected in any sample except the Pree standard added to sample number 


four. In these experiments, histamine either was present in concentra- 


tions too low to be detected by the assay method used, or was not released 


during hypoxia. 
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— - Effect of histamin injected inta the pulmonary artery at the peak 
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_in the isolated rat lung. 
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perfusate sample (.4 ml) 


add: $-chenbeyl~l<sathdentaemethyi~"'C (40 nanocuries - 220 ng), 
histamine—-H (10 nanocuries - 0.3%ng), 
histamine-methyl-transferase (2 mg), and 
.05 M. NaPO, buffer (pH 7.9) to total volume of 1 ml. 
incubate at 37°C for 1 hour. | 


6 


add: 1N. NaCl saturated NaOH (2 ml), and 
saturate with NaCl. 


extract with 8 ml chloroform. | 
centrifuge at 250 X G for 5 minutes. 


aspirate and discard the water phase. _ 
to the organic phase add 1 N. NaCl saturated NaOH (2 ml). 
centrifuge at 250 X G for 5 minutes. 


aspirate and discard the water phase. 

aspirate and evaporate the organic phase. 

dissolve the residue from the organic phase in 95% ethanol (1 ml), and 
toluene phosphor (10 ml). 


count samples in liquid scintillation counter. 
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Histamine may play a role in the vasoconstrictor response to hypoxia 


as suggested by Hauge. Another approach to the definition of such a role 
would be to study histamine turn-over during hypoxia in pulmonary tissue 
since it may be the rate of formation rather than the static concentration 
which is important. This type of study could be done in the isolated rat 
lung utilizing the artificial perfusate and isotope labeled histidine. 

A specific agent required for hypoxic pulmonary vasoconstriction has | | 
not been previously demonstrated in vitro or in vivo. The present study 
has demonstrated a primary role for angiotensin II in the mechanism under- 
lying the hypoxic response in isolated non-blood perfused rat lungs. How- 
ever, a specific requirement that angiotensin II be present for the hypoxic 
response to occur in vivo, as discussed dem, was purely speculative. 

In order to demonstrate such a requirement, one must first develop a re- 
liable in vivo preparation in which reproducible hypoxic pulmonary vaso- 
constriction can be obtained; and second, a method must be available to 
demonstrate a specific necessity for angiotensin II in the hypoxic re- 
| 


The question of whether angiotensin II is utilized in vivo to effect 


hypoxic responses was investigated as described in the following chapter. 


| 


‘Logaras, G., Further studies of the pulmonary arterial blood pressure. 
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_ CHAPTER 2. USE OF P=113 


Angiotensin II is an octapeptide; the first position in the chain is 
occupied by en aspartyl residue, and the last position by phenylalanine. 
Steric alteration of the terminal phenylalanine results in loss of Sige 
logic activity; steric alteration of the aspartyl residue results in a 
prolongation in duration of ection, presumably due to Secxeseed eneventie 
degradation (1). Recently, a number of analogues of angiotensin II, sub- 
stituted in the one and eight positions, have been tested for their abil- 
ity to block the actions of angiotensin II (2,3). One of these analogues, 
1-sarcosine-8-alanine-angiotensin II (also known as P-113), has been found 
to be an effective and specific competitive inhibitor of the pressor and 


adrenal steroid-secreting effects of angiotensin II (4). 


Isolated Lung 
In five experiments P-113 was tested for its affect upon hypoxic re- 


sponses in isolated perfused rat lungs. These experiments utilized the 
preparation and procedures described in the previous chapter. Angiotensin 
II and P-113 were added to the perfusate reservoir in varying concentra- 


tions at different times throughout each experiment. 


Results | 

In one experiment, the initial administration of P-113 (20 wg/80 m1) 
blocked both the vasoconstrictor effect of 1 mg of angiotensin II without 
hypoxia and the subsequent development of hypoxic responses. Ten pg of 
angiotensin II administered 40 minutes later without hypoxia produced a 
small degree of vasoconstriction, and small responses to hypoxia. In 


four other experiments, the initial administration of 1 wg of angiotensin 


53 


II resulted in subsequent hypoxic responses. The disappearance of these 
hypoxic responses with time (described in the oceviows chapter) was not 
hastened by the subsequent administration of 10 ag of P-113. In three 

of these experiments, angiotensin II (in 1 to 10 Ag amounts) was again ad- 


ministered, but did not restore the hypoxic responses until enough time 


had elapsed for partial reversal of the inhibition caused by P-113 (30 


to 60 7 

The results of one such experiment are illustrated in Figure 2.1. 
The addition of 1 pg of angiotensin II produced vasoconstriction, and 
hypoxic responses that decayed over the course of 90 minutes. The addi- 


tion of 10 wg of P-113 after 50 minutes did not hasten the decay of the 


response, but did completely block the vasoconstriction and augmentation 


of hypoxic responses by a subsequent addition of 1 pg of angiotensin II. 
75 minutes after the addition of P-113, 10 ag of angiotensin II caused 
a small degree of vasoconstriction and a small augmentation of hypoxic 


responses. 


In Vivo 


The successful use of P-113 in blocking the hypoxic response in 


_ vitro, and the characterization of its effects, provides a background for 


its use in vivo. However, a number of considerations concerning the in 
vivo preparation, as well as the use of P-113 in such a preparation must 


be made. 


Preparation 


As discussed in Chapter 1, five variables must be measured or con- 
trolled in any preparation in order to demonstrate primary pulmonary va- 


somotor responses. These variables are: cardiac output; systemic back 


pressure changes; changes in bronchial circulation; effects of changes 


2 
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in ventilation on pulmonary vessels; and bronchomotor effects. An anes- 
thetized rat with pulmonary artery pressure, left atrial pressure, and 
thoracic aorta blood flow measured, and which is ventilated with the pos- 
itive pressure arrangement described in chapter 1, would tae all the 
variables measured or changes in* bronchial circulation. 
As pointed out by Daly and Hebb, the ratio of bronchial blood flow to pul- 
monary blood flow is generally much smaller in the intact animal than in 
those perfused preparations which have an intact bronchial circulation. 
They therefore concluded that it is pedbubds not an important source of 
error in the estimation of pulmonary vascular resistance in intact ani- 


mals (5). Furthermore, Thilanius. concluded that changes in bronchial cir- 


culation could not have been responsible for the pulmonary vascular 


changes observed in intact dogs during acute hypoxia (6). Because of 


these observations, and because the parameters to be measured, pulmonary 


3 artery pressure and thoracic aorta blood flow, would reflect overall re-. 


sistance to blood flow through the lung, I felt that a small contribution 


from the bronchial circulation, if present, would not be an important 
source of error. | 

A potential source of difficulty in estimating cardiac output would 
come from alterations in sympathetic and parasympathetic activity to the 
heart and peripheral vessels during hypoxemia. Such feed-back effects 
would cause rapid alterations in cardiac output and obscure the dieeei 
effects of hypoxia on pulmonary vascular resistance. Changes in barore- 
ceptor, chemoreceptor, and central nervous system influences have been 
successfully minimized by the use of ganglionic blocking agents in intact 
rat preparations (used as bioassay systems for vasoactive agents) (7). 


Pentolinium tartrate is the ganglionic blocking agent most frequently 
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used in these preparations, and was chosen for use in the present study. 


Thoracic aorta blood flow was measured using a linear output pulsa- 
tile Biotronics 610/flow meter with a non-cannulating blood flow transducer 
(2 mm internal diameter). Because of the inherent difficulties in cali- 
brating the flow meter, and because the important variable to be measured 
was changes in cardiac output during hypoxia rather than the actual ihe | 
of the cardiac output, changes were estimated by comparing heart rate and 
stroke volume before and during a hypoxic stimulus. Heart rate was counted 
over a ten second control period just prior to the initiation of hypoxia, 

i and the area under each stroke volume curve was integrated over this same 
period. Similar measurements were made during the peak of a hypoxic re- 
sponse, and the product of heart rate times stroke volume for each of 
these periods was compared. In this nana. any changes in blood pres- 
sure across the pulaenasy circulation (pulmonary artery pressure minus 
left atrial pressure) caused by changes in cardiac output during hypoxia 
could be calculated, and an estimate of changes in pulmonary vascular re- 
sistance obtained. Thus, if the blood pressure across the pulmonary cir- 


culation increased from ten mm Hg to 20 mm Hg (by 100%) during hypoxia 


_ but the cardiac output increased by ten percent, the increase in blood 


pressure resulting from vasoconstriction was actually nine mm Hg. | 

In in vivo preparation was a Sprqgue Dawley rat of either sex (300 g) 
that was anesthetized by intraperitoneal injection of sodium pentobarbital 
(80 mg/kg). A tracheostomy was performed and the chest opened during 
positive pressure ventilation as described in Chapter 1. The pulmonary 
artery pressure was measured from a,22 gage needle placed directly into 


the pulmonary artery. The-left hs, eet was measured from a plastic 


cannula (PE# 90) placed directly into the left atrial appendage and secured 


55 


| 

| 


with a suture. ‘The flow transducer was passed into the chest | through an 
incision in the left lateral rib cage, and placed around the decide 
aorta. The pulsatile aortic blood flow, and the pulmonary artery and 

left atrial pressures (using Statham p23AA pressure transducers) were re- 
3 eccael on a Grass model 5d recorder. Drugs diluted in saline were admin- 
istered through a plastic cannula (PE# 90) placed in the right external 
jugular vein. At the beginning of each experiment, 200 U.S.P. units of 
heparin and pentolinium tartrate (Wyeth) 8 mg/kg were administered through 
the venous cannula. The lungs were ventilated 10 ml/cycle of room air at 
a frequency of 60 cycles/minute. To produce alveolar hypoxia the lungs | 


were ventilated for 1 1/2 minutes with 5% 0, and 95% Ny. 


Results 


The initial experiments in vivo were designed to characterize the 
hypoxic response. Hypoxic tests were performed every 10 minutes through- 
out the experiment. The results of these experiments are reported in 
table 2.1, and show that the hypoxic response in vivo increases in magni- 
tude with each hypoxic test to reach a maximum after about 40 minutes. 
Thereafter, the response stays at the plateau level throughout the remain- 
der of the experiment. rT: exposure to hypoxia is stopped for 1 hour or 
longer, the subsequent hypoxic response will be greatly reduced from the 

plateau value, but will again build up to plateau with essed hypoxic 
tests. One explanation for these results is that the lung in vivo has 
the ability to utilize increasing amounts of angiotensin (perhaps over 
the same concentration range as delineated in vitro) when repeatedly 
challenged by henna stimuli; the disappearance of the hypoxic response, 


after an hour free of exposure to hypoxia, may be caused by disassociation 
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istered at each biologic half-life (approximately 12 minutes (8)) until 


of angiotensin-receptor complexes previously formed. 
In five subsequent experiments, P-113 was administered to intact 


animals at a different concentration for each animal, The drug was admin-— 


maximal reduction of the hypoxic responses was achieved. The re 
reported in table 2.2, show that P-113 effectively reduced th hypoxic 
responses. The time to maximal reduction of the hypoxic responses was an 
average of 40 minutes with a range of 30 to 50 minutes. After stopping 
the administration of P-113 the hypoxic responses were seen to return 
toward their plateau values after 3 to 5 half-lives (36 to 60 minutes). 
Figure 2.2 illustrates similar’ results in a single animal. The ini- 
tial hypoxic response was 4 mm Hg, but increased over 40 nieces (5 hy- 
poxic tests) to a plateau height of 7 mm Hg. The addition of P-113 in 
100 pg quantities at each half-life over a 40 minute period resulted in 
an 86% reduction of the plateau cniadinben. One hour after phenetes the 


administration of P-113, the hypoxic responses had returned to 5.7 mm Hg 


(81% of the plateau value). 


Since plateau hypoxic responses are reached after 40 to 50 minutes 


(4 to 5 hypoxic tests), a rough estimate of the increment of angiotensin 


II accumulated in the lung following each hypoxic teat would be 2 to 3 
pg. These numbers are derived by assuming that the same amtinnys effec- ; 
tive concentration as previously delineated for the isolated lung (10 to 
12 wg total) is also effective in vivo. If the plateau responses are 
maintained by these periodic increments of enatoteante II, one would pre- 
dict that 10 mg of P-113 administered every half-life would reduce the 
plateau eeinane by approximately 502 assuming that 20% of the total 


plasma volume (9), and thus 20% of the administered amount of P-113, is 
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contained in the lung at any one time. Similarly, 25 wg of P-113 would 
- reduce the responses by 70%, and 90 mg by 902. ‘These predictions assume 
that the receptor affinity is essentially equal for both angiotensin II 
and P-113. The observed values reported in table 2.2 are quite close to 
the predicted values. 

Thus, intake pulmonary vasoconstriction in intact rats can be 


blocked by the administration of P-113. 


Summary 
The in vitro and in vivo findings can be summarized as follows: 
ly Angiotensin II is required for hypoxic pulmonary vasoconstriction in 
isolated perfused rat lungs. | | | 
2. This effect is separate from its direct vasoconstrictor action and 
operates over an approximate perfusate concentration range of 12 to 
120 mM. 
3. Other vasoactive agents tested do not produce or affect the hypoxic 
response, and their vasoactivity does not depend upon angiotensin II. 
4. Development of hypoxic cuepaennn in isolated lungs is blocked by P-113, 
a competitive inhibitor of anatevenats II. | | | 
5. Hypoxic responses in intact rats are reduced by the systemic admin- 


istration of P-113 in appropriate concentrations. 


Discussion 


These findings, and the time course of development, blockade, and 


disappearance of the hypoxic response, suggest that angiotensin II is | 


utilized during a hypoxic stimulus to effect pulmonary vasoconstriction 
“in the rat. The mechanism of this action of angiotensin II is not clear 


from these studies, but the results are consistent with the hypothesis 


that it is an action of angiotensin II that is separate from its direct 
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"vasoconstrictor effect, and depends upon continuous occupancy of recep- 
tors. It may be that angiotensin II binds to the receptors and augments 
the hypoxic response until the angiotensin-receptor complex is dissociated. 


If so, the dissociation takes an observed average of 30 to 60 minutes. 


After this time, the inhibitor may associate with the receptors and block 
further augmentation of hypoxic responses by angiotensin II until the 
inhibitor-receptor complex is dissociated (also an observed average of 
30 to 60 minutes). | 

An alternative hypothesis to explain the observed effects of P-113 on 
hypoxic responses is that a specific angiotensin II receptor exists in the | 
ae that is responsible for producing hypoxic pulmonary vasoconstriction. 
This receptor may have a low accessibility or affinity for P-113, thus 
requiring the presence of large amounts of P-113 for extended periods of 
tine to achieve blockade and reduction of nvpentte responses. 
| Where these postulated receptors are located, ar how the angiotensin- 
receptor complex allows hypoxic pulmonary vasoconstriction is not known. 
Ryan has demonstrated that angiotensin I converting enzyme activity is 
located in the pulmonary vascular endothelial cells, and that angiotensin 
II is rapidly formed without being retained by the lungs (10). It may be 
that angiotensin II is formed and bound at the proper site only during 
hypoxic stimulation. Once bound, the angiotensin-receptor complex may 
produce a conformational change in the vascular smooth muscle membrane 
which allows electrolyte shifts, such as those eoutsianed by Bergofsky 
and Holtzman (discussed in the introduction section), of sufficient mag- 
nitude to effect vasoconstriction during hypoxia. Alternatively, engie- 
tensin II may be bound in the perivascular lung tissue to allow the re- 


lease or action of another vasoactive agent. 


fe 

t 


These hypothesis have not been tested in the present series of ex- 
periments, however, mutually exclusive hypotheses formulated around | 
these questions might be differentiated by a number of different exper- 
imental approaches. For instance, the use of isolated pulmonary artery 
smooth muscle hypoxic organ bath containing angiotensin II 
would show whether this combination was sufficient for hypoxic pulmonary 
vasoconstriction, oe ats another agent was required. The use of 
isotope labeled angiotensin II during hypoxia in isolated lungs, with 
subsequent cell fractionation might provide evidence for where and under 
what conditions angiotensin is bound. ‘Another approach to the questions 
surrounding the ability of the — to form and utilize angiotensin II 
in vivo to effect the hypoxic response would be to use both nephrecto- 
mized and unilateral renovascular hypertensive rats in the in vivo prep- 
aration previously described. Comparison of the hypoxic reactivity of 
the lungs from these groups of animals could provide useful information 


with regard to whether renin from the kidney, or angiotensin II from the 


blood play an important part in hypoxic pulmonary vasoconstriction. 


Studies of the type outlined above, with corollary clinical inves- 
tigations, may lead to a better understanding of the pathogenesis and 


therapy of hypoxic pulmonary hypertension in man. 
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Effect of P-113 administration upon the hypoxic response in the intact rat. 
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